In this research, the tool-chip interface temperature (TCTI), the tool temperature (TT) and the average surface roughness (Ra) were measured experimentally during the turning of AISI 4140 alloy steel with TiAlN-TiN, PVD-coated, WNVG 080404-IC907 tungsten carbide inserts using an IR pyrometer technique, a K-type thermocouple and a portable surface-roughness measurement device, respectively. The workpiece material was heat treated by an induction-hardening process and hardened up to a value of 50 HRC. The Taguchi method L18 (21 × 37) was used for the determination of the optimum control factors. The depth of cut, the cutting speed and the feed rate were taken as control factors. The analysis of variance was applied in order to determine the effects of the control factors on the tool-chip interface temperature, the tool temperature and the surface roughness. The optimum combinations of the control factors for TCTI, TT and Ra were determined as a2v1f3, a1v3f2 and a2v3f1, respectively. Second-order predictive models were developed with a linear-regression analysis, and the coefficients of correlation for TCTI, TT and Ra were calculated as R 2 = 92.8, R 2 = 68.1 and R 2 = 82.6, respectively. V raziskavi so bile eksperimentalno izmerjenene tempetratura na stiku orodje-ostru`ek (TCTI), temperatura orodja (TT) in povpre~na hrapavost povr{ine (Ra) pri stru`enju legiranega jekla AISI 4140, z volfram karbidnimi vlo`ki WNVG 080404-IC907 s PVD prevleko iz TiAlN-TiN, z uporabo IR pirometra, termoelementi vrste K in s prenosnim merilnikom hrapavosti. Obdelovanec je bil toplotno obdelan z indukcijskim ogrevanjem in hlajenjem na trdoto 50 HRC. Za dolo~anje optimalnih kontrolnih faktorjev je bila uporabljena Taguchi metoda L18 (21 × 37). Globina rezanja, hitrost rezanja in hitrost podajanja so bile vzete kot kontrolni faktorji. Analiza variance je bila uporabljena za dolo~anje vpliva kontrolnih faktorjev na temperaturo prehoda orodje-ostru`ek, temperaturo orodja in hrapavost povr{ine. Dolo~ene so bile optimalne kombinacije kontrolnih faktorjev za TCTI, TT in Ra , kot a2v1f3, a1v3f2 and a2v3f1. Z linearno regresijsko analizo so bili razviti modeli drugega reda za napovedovanje in izra~unani so bili koeficienti korelacije za TCTI, TT in Ra kot R 2 = 92,8, R 2 = 68,1 in R 2 = 82,6.
INTRODUCTION
In order to overcome the difficulties in terms of efficiency and the quality of production encountered in the metal-cutting industries, all the stages of the machining process need to be monitored. During the metal-cutting processes, one of the key factors is the cutting temperature, which directly affects the surface quality, the tool wear, the tool life, and the cost of production. The amount of heat generated varies with the type of material being machined and the cutting parameters (especially the cutting speed, which had the biggest influence on the temperature). 1 Temperature monitoring is one of the most difficult and complicated procedures in metal-cutting operations. It is extremely complex to develop a model for measuring the temperature due to the complexity of the different events at the point of contact between the tool and the workpiece. Therefore, an accurate and repeatable temperature prediction still remains as a challenge due to this complexity of the contact phenomenon. 2 It is quite difficult to measure the temperature since the heat in the region is very close to the cutting edge. Due to a lack of sufficient experimental data, it is not possible to verify a mathematical model. Numerous attempts have been made to measure the temperature during machining operations. 3 Amongst the many experimental methods to measure the temperature directly, only a few systems have used the temperature as an indicator of machine performance and for industrial applications. 4 Therefore, the temperature can be controlled using the appropriate cutting parameters to design and develop the system and it will be beneficial to increase the efficiency in production.
In recent years, experimental studies related to metal-cutting processes have made use of the Taguchi method. This method has been used successfully for a determination of the appropriate cutting parameters and in the optimization of parameters related to tool wear, tool life, and the surface quality. The Taguchi method and Analysis of Variance (ANOVA) can conveniently optimize the cutting parameters with several experimental runs that are well designed. Taguchi parameter design can optimize the performance characteristics through the settings of the design parameters and reduce the sensitivity of the system's performance to the source of variation. 5 On the other hand, ANOVA is used to identify the most significant variables and interaction effects. 6, 7 In the Taguchi method, quality is measured by the deviation of a quality characteristic from its target value. Therefore, the objective is to create a design that is insensitive to all possible combinations of uncontrollable factors and is at the same time effective and cost efficient as a result of setting the key controllable factors at their optimum levels. 8 Taguchi's parameter design offers a simple and systematic approach that can reduce the number of experiments to optimize the design for performance, quality and cost. The signal-to-noise (S/N) ratio and the orthogonal array (OA) are two major tools used in robust design. 9 A lot of research has been conducted for determining the optimal cutting parameters. W. H. Yang and Y. S. Tarng 10 employed the Taguchi method, and the optimal cutting parameters for the turning of S45C steel bars were successfully obtained. B. M. Gopalsamy et al. 11 applied the Taguchi method to find the optimum machining parameters while machining hard steel and used the L18 orthogonal array. The S/N ratio and ANOVA were used to study the performance characteristics of the machining parameters. F. Ficici et al. 12 used the Taguchi method to study the wear behaviour of boronized AISI 1040 steel. They used the S/N ratio to investigate the optimum setting parameters.
M. Adinarayana et al. 13 presented the multi-response optimization of the turning parameters for the turning of AISI 4340 alloy steel. The experiments were designed and conducted based on Taguchi's L27 orthogonal array design. They discussed an investigation into the use of Taguchi parameter design to predict and optimize the surface roughness, the metal removal rate and the power consumption during turning operations. E. D. Kirby 14 discussed an investigation into the use of Taguchi parameter design for optimizing the surface roughness generated by a CNC turning operation. He used a standard orthogonal array for determining the optimum turning parameters with an applied noise factor. The controlled factors include the spindle speed, the feed rate, and the depth of cut.
In this paper, the measurement of temperature during the turning of AISI 4140 alloy steel was performed using various cutting parameters. The tool-chip interface temperature T CTI was measured by infrared thermometer, the tool temperature T T was measured with a K-type thermocouple in the cutting zone, and the average surface roughness R a was measured using a portable surface-roughness measurement device. The Taguchi design was selected to find the relationships between the control factors. The depth of cut (a p ), the cutting speed (v c ), and the feed rate (f) were taken as the control factors.
TEMPERATURES DURING METAL CUTTING
In the cutting process, nearly all of the energy dissipated during plastic deformation is converted into heat, which in turn raises the temperature in the cutting zone. Since the heat generation is closely related to the plastic deformation and friction, we can specify three main sources of heat when cutting:
• plastic deformation by shearing in the primary shear zone; • friction on the cutting face and friction between the chips; • tool on the tool flank.
Temperature results in dimensional errors on the machined surface. The cutting tool elongates as a result of the increased temperature, and the position of the cutting tool edge shifts towards the machined surface, resulting in a dimensional error of about 0.01-0.02 mm. Since the processes of thermal generation, dissipation, and solid-body thermal deformation are all transient, some time is required to achieve the steady-state condition.
Heat is mostly dissipated by: the discarded chip that carries away about 60-80 % of the total heat, the workpiece acts as a heat sink drawing away 10-20 % of heat, while the cutting tool draws away~10 % of the heat. The balance between heat generation and heat dissipation during metal cutting is shown in Figure 1 .
MATERIALS AND METHOD

Workpiece and cutting tool
The workpiece material is AISI 4140 alloy steel. The chemical composition of the workpiece material (in volume fractions) is shown in Table 1 . The machining process was performed using a NR 2020K-08 tool holder Figure 2 and Table 2 show a schematic of the tip geometry and the specifications of the insert. 
Experimental conditions, temperature and surface-roughness measurements
In this study, two methods of tool-temperature evaluation are presented:
• the placement of the K-type thermocouple on the tool, • the infrared pyrometer.
A schematic view of the experimental setup is shown in Figure 3 . Cylindrical workpieces (Ø45 × 300 mm) were fixed between the chuck and the tailstock and were pre-machined using a separate insert. The workpiece samples were heat treated by induction hardening and a hardness of 50 HRC was maintained. The samples were then solution heat treated and oil quenched in order to achieve the proper hardness.
In this study, an Optris CF4 infrared thermometer was used to measure T CTI . The maximum temperature (which was about 525°C) was recorded around the cutting zone. A total of 18 trials were conducted throughout these experiments and brand new inserts were used for each temperature measurement. Hence, the cutting temperature increased with the cutting speed, the feed rate and the depth of cut. The experiments were repeated three times for the same cutting conditions and the measured values were averaged. T T was measured using a K-type thermocouple. The thermocouple measurements were recorded every five seconds.
The R a surface roughness was measured to characterize the surface quality. The R a measurements were carried out using a Time TR 200 device by obtaining values from different points that were parallel to the workpiece axis at a cut-off length of 5.6 mm. According to the experimental design, three measurements were made on the surfaces at the specified values of the control factors, and the R a values were determined by taking the average of the measurement results.
Experimental design using the Taguchi method
The Taguchi design was selected to find the relationships between the control factors and the quality characteristics. The cutting speed (v c ), feed rate (f) and depth of cut (a p ), whose levels are given Table 3 , were selected as the control factors. The quality characteristics were the tool-chip interface temperature (T CTI ), the tool temperature (T T ) and the average surface roughness (R a ). As the total degree of freedom of the factor group was 5, a standard Taguchi experimental plan with the notation L18 (2 1 × 3 7 ) was chosen as the orthogonal array. The rows in the L18 orthogonal array used in the experiment corresponded to each trial and the columns contained the factors to be studied. The first column consists of the depth of cut; the second and the third columns contain the cutting speed and the feed rate, respectively. In the Taguchi method, the experimental results are transformed into a S/N ratio. The S/N ratio is used while approaching or moving away from the desired value and measuring the quality characteristics. [15] [16] [17] [18] The smaller-isbetter (SB), the nominal-best (NB) and the larger-isbetter (LB) approaches are found according to the results of the S/N ratio. [15] [16] [17] [18] As the tool-chip interface temperature (T CTI ), the tool temperature (T T ) and the surface roughness (R a ) values were required to be the lowest, the S/N ratios of these quality characteristics were calculated in dB using Equation (1) according to the SB option in the study. [15] [16] [17] [18] (1)
In the Equation (1), n is the number of the experiment and yi is the ith data point obtained. [15] [16] [17] [18] ANOVA was applied in order to determine the percentage effects of the control factors on T CTI , T T and R a . 
Predictive models for temperature and surface roughness with multiple regression analysis
Equations were developed for the prediction of T CTI , T T and R a using the experimental results in a multiple regression analysis. The second-order linear models containing the main effects of the control factors and their interactions are signified with the Equation (2): 
ANALYSIS OF THE RESEARCH RESULTS
The present study was performed to understand and evaluate the infrared-and thermocouple-based temperature measurements during metal cutting and to consider the practical difficulties. T CTI , T T and R a were used as the quality characteristics. The experimental results are shown in Table 4 .
The T CTI , T T and R a measurement results from the turning of the quenched and tempered AISI 4140 steel with coated carbide tools were resolved and analyzed by means of the Minitab 16.0 package software. From Table 4 it is clear that the overall means for T CTI , T T and R a were calculated as 446.11°C, 70.78°C and 0.578 μm, respectively. The variation of the tool temperature and the toolchip interface temperature with the cutting parameters are shown in Figures 4a and 4b . Obviously, it is clear that the tool-chip interface temperature and the tool temperature increase with an increase in the cutting speed (Figure 4a) . The influence of the tool temperature and the feed rate on the surface roughness is shown in Figure  5a . It was observed that the lowest feed rate produced a better surface quality. The experiments showed that the cutting speed and the feed rate are the main factors affecting the surface roughness (Figure 5b) .
Analysis of the control factors for the temperature and surface roughness
The responses for the S/N ratios (smaller is better) of T CTI , T T and R a are presented in Table 5 and the responses for the means in Table 6 . While the signal value represents the real desired value that the system gives and which is to be measured, the noise factor represents the portion of the undesired factors in the measured value. The S/N ratio analysis provided significant information about the nature of the process of turning hardened AISI 4140 steel with coated carbide cutting tools under selected conditions. The fact that the differences between the highest and the lowest S/N ratio values of each control factor calculated at different levels are higher or lower was used in the determination of the factors effective on T CTI , T T and R a . The most effective parameters on T CTI were the cutting speed, the feed rate and the depth of cut because there were (1.85, 0.35 and 0.25) dB differences between their levels ( Table 5) . The most effective parameters on T T were determined to be the depth of cut, the feed rate and the cutting speed, with differences of (1.25, 0.46 and 0.19) dB, respectively ( Table  5 ). The most effective parameters on R a were determined to be the feed rate, the cutting speed and the depth of cut, with differences of (6.008, 1.534 and 0.793) dB, respectively ( Table 5 ). The optimum values for the surface roughness and the dimensional accuracy were reported to be a 2 v 1 f 3 , a 1 v 3 f 2 and a 2 v 3 f 1 , respectively ( Table 6 ).
The main effects of the control factors on the performance characteristics during the turning of the quenched and tempered AISI 4140 steel with coated carbide cutting tools were demonstrated using the "Graphical Representation of Factor Effects" and evaluated. [8] [9] [10] [11] The main effect graphs showing the effects of the control factors on T CTI , T T and R a are given in Figures 6 and 7 , respectively.
In Figure 6 , the optimum levels of the control factors for the tool-chip interface temperature are a 2 (a p = 0.6 mm), v 1 (v c = 76 m/min) and f 3 (f = 0.12 mm/rev), respectively. T CTI increases depending on the increase of the cutting speed and the decrease of the depth of cut and the feed rate. From the same graphic it is clear that the most effective control factor on T CTI is the cutting speed. In Figure 7 , the optimum levels of the control factors for the tool temperature are a 1 (a p = 0.4 mm), v 2 (v c = 114 m/min) and f 2 (f = 0.08 mm/rev), respectively.
In Figure 7 , when the effects of the control factors on tool temperature were examined, a significant increase was observed on T T , depending on the increase in the depth of cut. With an increase of the cutting speed from 76 m/min to 114 m/min and an increase of the feed rate from 0.08 mm/rev to 0.12 mm/rev the tool temperature was increased (Figure 7) . Similarly, the optimum levels for the minimum R a surface roughness were observed to be a 2 (a p = 0.6 mm), v 3 (v c = 170 m/min) and f 1 (f = 0.05 mm/rev), respectively (Figure 5) . The most effective parameter on R a was the feed rate (Figure 7) . With a further increase in the feed rate value the R a surface roughness value increased.
ANOVA is a statistically based, objective, decisionmaking tool used for determining any difference in the average performance of a group of items being tested. [15] [16] [17] [18] In the case when the F value of a process parameter is greater than the tabulated F ratio, it shows that the control factor has a significant effect on the performance characteristic. An analysis of variance (ANOVA) with a 95 % confidence interval was carried out for each experiment using the L 18 orthogonal array in order to determine the effects of the control factors and their interactions on selected performance/quality characteristics. The results of the ANOVA carried out for T CTI , T T and R a are presented in Tables 7, 8 and 9. The cutting speed became the most effective factor for the tool-chip interface temperature, with a contribution of 86.57 % followed by the feed rate with 4.03 % ( Table 7) . The effects of other control factors and their interactions on T CTI became insignificant with a smaller 5 % contribution ( Table 7) . The results of the ANOVA for the tool (T T ) indicate that the depth of cut (a p ) has more influence on the tool temperature, with a contribution of 52.65 % and a cutting speed-feed rate (vxf) 16 .75 %, depth of cut-cutting speed (axv) 9.12 %, depth of cut-feed rate (axf) 7.51 %, feed rate (f) 5.13 % and cutting speed (v c ) 1.21 % followed by a contribution %, respectively ( Table 8 ). Finally, from Table 9 , it is concluded that the feed rate with a contribution of 76.63 % has more influence on the surface roughness (R a ) followed by the depth of cut-feed rate (axf), the depth of cut (a p ) and the cutting speed (v c ) to obtain the minimum surface roughness ( Table 9 ). 
Developed second-order predictive equations for the temperature and surface roughness
The equations that were developed with multiple linear regression analysis to predict T CTI , T T and R a in the turning of quenched and tempered AISI 4140 steel with coated carbide cutting tools and the equations that contain the main effects of the control factors and their interaction effects are presented in Equations (3) to (5) , respectively. 
These equations were developed according to the un-coded values of the control factors (i.e., 0.4, 0.6 mm, etc. for a p ; i.e., 76, 114, 170 m/min, etc. for v c ; i.e., 0.05, 0.08, 0.012 mm/rev, etc. for f). af is highly correlated with other variables, so af has been removed from all of the equations. The correlation coefficients (R 2 ) and the adjusted correlation coefficients (R 2 (adj)) of the secondorder equations developed for the predictive tool-chip interface temperature (T CTI ) measured with an IR pyrometer, the tool temperature (T T ) measured with a thermocouple and the surface roughness (R a ) were calculated as R 2 = 92.8 %, R 2 (adj) = 89.8 %, R 2 = 68.1 %, R 2 (adj) = 54.8 % and R 2 = 82.6 % R 2 (adj) = 75.3 %, respectively. R 2 (adj) determines the amount of deviation about the mean that is described by the model. The predicted R 2 value and the R 2 (adj) value were found to be in good agreement. These values show that the equations developed are sufficient to determine all the response values at a confidence interval of 95 %. The regression models can be successfully adopted for estimating T CTI , T T and R a . Moreover, as seen in these equations, v c and f have additive effects, while a p has a negative effect on T CTI , T T and R a .
The comparisons of the results of T CTI , T T and R a measured experimentally (Table 4 ) with the fits for T CTI , T T and R a estimated via the Taguchi method and fits for T CTI , T T and R a estimated via the Regression model (Equation (3) to (5)) are given in Table 8 . As can be seen from this table, the T CTI results obtained from the Taguchi method and the linear regression analysis were found to be very close. The mean of the % error ratios of the estimated results obtained by the Taguchi method and the predictive equations were less than 14 %. This reflects the reliability of the statistical analyses (Tables 10 and 11).
CONCLUSIONS
In this study, the Taguchi design was selected to determine the effects of the control factors. The effects of the depth of cut, the cutting speed and the feed rate on the tool-chip interface temperature (T CTI ), the tool temperature (T T ) and the surface roughness (R a ) were investigated in the turning of the quenched and normalized AISI 4140 steel workpieces that were machined using TiAlN-TiN, PVD-coated, carbide tools and the obtained results are as follows:
The most effective parameter on the tool-chip interface temperature was the cutting speed with a contribution ratio of 86.57 %. The effective parameters for tool temperature were the depth of cut, the cutting speed-feed rate, the depth of cut-cutting speed, the depth of cut-feed rate, the feed rate and the cutting speed with contributions of 52.65 %, 16.75 %, 9.12 %, 7.51 %, 5.13 % and 1.21 %.
The feed rate with a contribution of 76.63 % has more influence on the surface roughness (R a ) followed by the depth of cut-feed rate (axf), the depth of cut (a p ) and the cutting speed (v c ) to obtain the minimum surface roughness.
The optimum levels of the control factors were a p = 0.6 mm, v c = 76 m/min and f = 0.12 mm/rev for the minimum tool-chip interface temperature; a p = 0.4 mm, v c = 114 m/min and f = 0.08 mm/rev for the minimum tool temperature, and a p = 0.6 mm, v c = 170 m/min and f = 0.05 mm/rev for the minimum R a surface roughness.
The tool-chip interface temperature increased significantly depending on the increase of the cutting speed. The depths of cut and feed rate do not have a significant effect on the tool-chip interface temperature.
The tool temperature increased significantly depending on the increase of the depth of cut.
The surface roughness increased depending on the increase of the feed rate, while the same tendency was not observed for the depth of cut and the cutting speed.
The correlation coefficients of the predictive equations developed for the estimation of the minimum tool-chip interface temperature, the tool temperature and the surface roughness by multiple linear regression analysis were calculated as 0.928, 0.681 and 0.826, respectively. Higher correlation coefficients reflect the reliability of the developed equations.
The mean of the % error ratios of the estimated results obtained by Taguchi method and the predictive equations were less than 14 %. This reflects the reliability of the statistical analyses.
